Understanding of the long-term clinical outcomes associated with bariatric surgery has recently been advanced. Research related to the sequelae of diabetesdin particular, long-term microvascular and macrovascular complicationsdin patients who undergo weight-loss surgery is imperative to this pursuit. While numerous randomized control trials have assessed glucose control with bariatric surgery compared with intensive medical therapy, bariatric surgery outcome data relating to microvascular and macrovascular complications have been limited to observational studies and nonrandomized clinical trials. As a result, whether bariatric surgery is associated with a long-term reduction in microvascular and macrovascular complications when compared with current intensive glycemic control therapy cannot be determined because the evidence is insufficient. However, the consistent salutary effects of bariatric surgery on diabetes remission and glycemic improvement support the opportunity (and need) to conduct high-quality studies of bariatric surgery versus intensive glucose control. This review provides relevant background information related to the treatment of diabetes, hyperglycemia, and long-term complications; reports clinical findings (to date) with bariatric surgery; and identifies ongoing research focusing on long-term vascular outcomes associated with bariatric surgery.
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In May 2013 the National Institute of Diabetes and Digestive and Kidney Diseases (NIDDK) and the National Heart, Lung, and Blood Institute (NHLBI) convened a multidisciplinary workshop to review systematically the long-term clinical outcomes related to bariatric surgery and, perhaps more importantly, to identify research gaps and future investigative opportunities (1, 2) . The consensus opinion of the expert panel was that information regarding the impact of bariatric surgery on microvascular and macrovascular long-term clinical outcomes was lacking. For example, at the time of this workshop (2013) there were no outcome data from long-term observational or controlled clinical trials on microvascular complications in patients with type 2 diabetes mellitus (T2DM) who had undergone bariatric surgeries. For cardiovascular events (specifically stroke and myocardial function), data from only two observational studies had been reported (2) . Furthermore, a recent review of the effects of bariatric surgery on microvascular complications related to T2DM identified only 16 studies (3), the majority of which included small numbers of patients followed for fewer than 2 years. Of the reviewed studies, only one was population-based (4) , and just one included a prospective matched cohort (5) . Not included in this review was a recent study by Sjöström et al. (6) analyzing the association of bariatric surgery and microvascular and macrovascular complications over a 10-year follow-up of the Swedish Obesity Subjects (SOS) study. Recognizing the sparsity of high-quality evidence, the NIDDK/NHLBI workshop experts recommended that scientific efforts be made to advance the current understanding of the long-term effects of bariatric surgery on microvascular and macrovascular comorbidities of diabetes.
In view of this important recommendation, the objective of this article is to provide relevant background information, report clinical findings to date, and identify in-progress research in relation to microvascular and macrovascular outcomes following bariatric surgery. For clarification, reference to microvascular outcomes includes complications related to renal disease and diabetesrelated eye disease and neuropathy; macrovascular outcomes include coronary artery, cerebrovascular, and peripheral vascular diseases. Diabetes-related and cardiovascular causes of death are also considered outcomes that can generally be related to microvascular and macrovascular outcomes.
BACKGROUND
The escalating twin pandemics of obesity and T2DM are among the most devastating health crises (7) (8) (9) (10) (11) (12) (13) . Almost 400 million people worldwide are estimated to be afflicted with T2DM, and that number is expected to approach 500 million by the year 2025 (14). Use of diets, exercise, and medications to promote weight loss and control blood glucose concentrations remain the cornerstones of T2DM therapy, and tight glycemic control does reduce microvascular complications (15). However, macrovascular complications and cardiovascular mortality remain difficult to address, even with intensive glucoselowering therapy (16) . Furthermore, despite an ever-increasing collection of pharmacotherapeutics, adequate glycemic control often remains elusive, and complete remission of T2DM is rare. Moreover, some diabetes medications may promote weight gain, and using sulfonylureas and insulin to achieve tight glycemic control is associated with an increased risk of hypoglycemia.
Numerous studies have documented that bariatric surgical procedures have profound effects on glycemic control among people with T2DM (17) (18) (19) (20) (21) ). An initial meta-analysis of 621 studies (mostly case series) of Roux-en-Y gastric bypass (RYGB), laparoscopic adjustable gastric banding (LAGB), and biliopancreatic diversion (BPD)/duodenal switch (DS) procedures found that most patients with diabetes who are undergoing these procedures experienced remission of their T2DM. Remission was defined as being off of diabetes medications, with fasting blood glucose concentration ,100 mg/dL or HbA 1c ,6.0%. However, there were important differences in remission rates by procedures: RYGB 80% remission, LAGB 57% remission, and BPD/ DS 95% remission (17) . A more recent evidence-based review was restricted to bariatric surgery studies in which eligibility criteria included severely obese patients (BMI $35 kg/m 2 ) and availability of more than 2 years of outcome data and follow-up measures for at least 80% of the initial cohort (22). Among the 7,371 studies identified, 29 met the inclusion criteria, and reported diabetes remission rates were 66.7% for RYGB (n = 428) and 28.6% for LAGB (n = 96). Following a systematic review of bariatric surgery-related randomized clinical trials (through 2012), Gloy et al. (23) identified 11 studies that included patients with T2DM and a BMI $35 kg/m 2 who had bariatric surgery, including RYGB, LAGB, sleeve gastrectomy (SG), and BPD. All had short-term follow-up. Using these data, Gloy et al. conducted a meta-analysis (including 796 participants) and reported that patients who had bariatric surgery had a significantly greater likelihood for T2DM remission compared with nonsurgical cohorts (relative risk 22.1; 95% CI 3.2-154.3). Four of the 11 randomized controlled trials (RCTs) are continuing long-term follow-up of their cohorts, and three have published analyses at 3 years or beyond (24-27).
The STAMPEDE studydthe first RCT to report on 3 years of follow-updassessed clinical outcomes of 150 obese patients with uncontrolled T2DM who were randomly assigned to one of three groups: intensive medical therapy (IMT) alone or IMT combined with either RYGB or SG (25). With glycated hemoglobin #6.0% as the study's primary end point, 5% of the IMT group met this criteria, compared with 38% of the RYGB group (P , 0.001) and 24% of the SG group (P = 0.01) (25). Fiveyear follow-up of an RCT by Mingrone et al. (26) , which compared medical treatment (n = 20), RYGB (n = 20), and BPD (n = 20) among severely obese patients with at least 5 years' diabetes duration before intervention, demonstrated that 37% (n = 7) and 63% (n = 12) of the RYGB and BPD groups, respectively, maintained diabetes remission compared with none (n = 15) of the medically treated group (P = 0.0007). One additional RCT with 3 years of followup was reported by Courcoulas et al. (27) . Sixty-one obese patients with T2DM were randomized to intense lifestyle intervention, RYGB, or LAGB; partial or complete T2DM remission was reported for 40% (n = 8) of patients undergoing RYGB, 29% (n = 6) of patients undergoing LAGB, and none of the patients receiving the intense lifestyle intervention (P = 0.004). The favorable findings of T2DM remission following bariatric surgery have lead the Centers for Medicare & Medicaid Services to conclude that BPD/DS, RYGB, and LAGB are effective methods for treating T2DM (28).
RYGB and SG are currently the most common bariatric procedures performed in the United States. Although SG has often been performed on patients with a BMI $50 kg/m 2 as an initial procedure after the patient underwent BPD/DS, using SG as the primary bariatric surgical procedure is a relatively recent process. As a result, long-term clinical outcome data related to SGs are limited. By contrast, the long history of RYGB as a sole bariatric/metabolic procedure, with demonstrated safety and evidence of long-term survival benefit (29, 30) , has influenced published reviews and guidelines to concur that RYGB is an effective therapy for weight loss and diabetes control (17, 31) . The LAGB procedure is purely restrictive; weight loss alone explains improvements in diabetes control after LAGB. However, RYGB engages additional antidiabetes mechanisms beyond those related to reductions in food intake and body weight (31) . T2DM typically resolves within days to weeks after RYGBdlong before major weight loss occurs (21)dand mounting evidence indicates that the remarkable antidiabetes impact of RYGB is mediated by several weight-independent mechanisms, including changes in gut hormones (e.g., ghrelin, glucose-dependent insulinotropic polypeptide, glucagon-like peptide 1, and peptide YY) that constitute the enteroinsular axis (32) (33) (34) (35) (36) (37) (38) . However, Jackness et al. (39) reported short-term (21 days) improvement in insulin sensitivity and b-cell function in severely obese patients with diabetes, as well as rapid weight loss from following a very lowcalorie diet (VLCD). In that study patients with T2DM undergoing RYGB (n = 11) were mean-matched for BMI, HbA 1c , and diabetes duration with patients (n = 14) following a VLCD. Following equal weight loss 21 days after therapy (i.e., surgery or VLCD), improved glycemic control was similar in the two groups (39) . Much less is known about the long-term risks and benefits of other bariatric procedures in treating T2DM (i.e., BPD/DS and SG). Additional postulated mechanisms related to bariatric/metabolic surgery and T2DM remission are detailed within this special issue.
DURABILITY OF DIABETES REMISSION
Despite the mounting evidence of the glycemia-lowering effects of bariatric surgery in patients with T2DM, the longest follow-up study has shown that remission of T2DM after bariatric surgery is not durable in all patients. The SOS study, including more than 4,000 matched obese patients receiving either nonsurgical care or bariatric surgery, demonstrated that 72% experienced T2DM remission 2 years after surgery, but only 36% remained free of T2DM at the 10-year follow-up (40) . While most patients in the SOS study underwent the outdated vertical banded gastroplasty, small case series have confirmed a similar rate of T2DM relapse among patients undergoing RYGB, and weight regain is significantly associated with relapse (41,42). Arterburn et al. (43) conducted a large, multisite study investigating the long-term remission and relapse of T2DM in 4,353 patients undergoing RYGB who, before their surgery, were diagnosed with uncontrolled or medication-controlled T2DM, defined as HbA 1c $6.5% or HbA 1c ,6.5% while taking diabetes medication preoperatively. While 68.2% (95% CI 66-70) of patients experienced complete diabetes remission within 5 years following RYGB, 35.1% (95% CI 32-38) of patients in remission redeveloped T2DM within 5 years. In this long-term retrospective study, important predictors of T2DM relapse included poor preoperative glycemic control, insulin use, and longer T2DM duration (43) . Blackstone et al. (44) conducted a retrospective analysis of prospectively collected data from patients with T2DM undergoing RYGB (n = 483). They found that diabetes remission rates (remission was defined as no diabetes medication, fasting glucose ,100 mg/dL, and HbA 1c ,5.7%) 14 months after surgery were better among patients not taking insulin therapy (before surgery) compared with those taking insulin (53.8% vs. 13.5%; P , 0.001). In addition, among the patients who were treated with insulin before surgery (n = 126), those whose diabetes duration before surgery was less than the median duration of 4 years had significantly greater diabetes remission rates compared with patients with diabetes duration .4 years (50% vs. 9%; P , 0.001) (44) . In summary, although bariatric/metabolic surgery, and RYGB in particular, seems to induce an initial remission of T2DM in most severely obese adults, many of these patients will relapse to overt T2DM at some point after their initial remission.
Studies such as the SOS and the large, multicenter findings of Arterburn et al. (43) demonstrate that RYGB does not permanently reverse T2DM. However, patients with shorter duration of T2DM, those not requiring insulin, and those with good glycemic control are most likely to achieve long-term remission of their disease and avoid relapse. This outcome likely relates to the patient's residual b-cell function at the time of surgery.
Most of the evidence of the long-term effects of bariatric procedures on glycemic control comes from observational studies, and long-term randomized clinical trials (currently absent from the literature) are needed to confirm these findings. Despite the sometimes transient effects of bariatric surgery on T2DM remission, adults who experience a relapse of T2DM may still benefit from surgery; further study is needed to understand what effect a transient period of T2DM remission might have on insulin secretion, long-term glycemic control, medication requirements, and the subsequent incidence of microvascular complications, such as nephropathy, retinopathy, and cardiovascular disease (CVD). Two studies of IMT, the UK Prospective Diabetes Study (UKPDS) in T2DM and the Epidemiology of Diabetes Interventions and Complications (EDIC) study in type 1 diabetes mellitus, have shown that temporary periods of superior glycemic control resulted in significant long-term benefits in terms of reduced microvascular and macrovascular complications (45, 46) . Most importantly, these benefits persisted even though the levels of glycemic control between intervention and control subjects eventually became identical after the active intervention period ended. The prolonged beneficial effects of improved glycemic control observed in these studies have been termed the legacy effect or metabolic memory. Whether a similar legacy effect follows bariatric surgeryd if glycemia first improves and then relapsesdis unknown. Initial improvement in microvascular disease has yet to be firmly established by controlled clinical trials. If bariatric surgery-related observational studies hold true in future clinical trials, however, then there would be reason to believe that even a short period of intensive glycemic control induced by bariatric surgery might have lasting benefits (i.e., a legacy effect may be expected).
CONCEPTUAL MODEL: MICROVASCULAR AND MACROVASCULAR COMPLICATIONS
The conceptual model for long-term outcomes of surgical treatment for diabetes and severe obesity (i.e., macrovascular and microvascular outcomes as primary end points) is graphically represented in Fig. 1 and reflects numerous related studies (32) (33) (34) (35) (36) (37) (38) (47) (48) (49) (50) (51) (52) (53) (54) , as well as physiological mechanistic changes after bariatric surgery (highlighted in this special issue) that may contribute to diabetes remission/relapse and eventual microvascular and macrovascular outcomes. In this model the development of diabetes and severe obesity are influenced by socioeconomic status, demographics, body weight, other chronic health conditions, genetics, and numerous behavioral and psychological factors. When a patient with T2DM and severe obesity undergoes bariatric/metabolic surgery, the type of procedure performed determines whether the improvements in glycemia are mediated by weight loss alone or through other mechanisms that are unique to the intervention itself, that is, changes in gut hormones (e.g., ghrelin, glucose-dependent insulinotropic polypeptide, glucagon-like peptide 1, and peptide YY) that constitute the enteroinsular axis or other physiological changes that occur after surgery (these are highlighted in this special issue). Current evidence suggests that the amount of time spent in each of three intermediate health statesd1) unremitted diabetes, 2) durable diabetes remission, and 3) diabetes remission followed by relapsed could significantly affect the incidence of microvascular and macrovascular complications, which can in turn influence a patient's quality of life and longevity (45, 46, 55) .
MICROVASCULAR AND MACROVASCULAR COMPLICATIONS: REVIEW
Because long-term bariatric/metabolic studies (i.e., $5 years) whose primary outcomes are microvascular and macrovascular complications are primarily observational and do not include randomized control trials, whether bariatric surgery ameliorates these outcomes when compared with current conventional therapy cannot, unfortunately, be determined because the evidence is insufficient. However, favorable 3-year follow-up results from the STAMPEDE randomized clinical trial (25) encourage the opportunity (and need) to conduct studies (i.e., RCTs and large, retrospectively matched studies) to determine whether bariatric surgical procedures reduce microvascular and macrovascular complications compared with nonsurgical intensive glucose therapy. In support of this proposed research, this section briefly reviews both bariatric/ metabolic surgery and nonsurgical studies related to microvascular and macrovascular complications.
IMT (Nonsurgical)
A recent review related to advances in the diagnosis and treatment of diabetes (56) (60) . Clinical benefits resulting from intensive treatment aimed at achieving near-normal glycemia seem to persist well beyond the actual treatment period (i.e., the previously mentioned metabolic memory or legacy effect) (45, 62) . Furthermore, intensive glycemic management of T2DM has resulted in varied cardiovascular outcomes (56) : two studies demonstrated a reduction (15-17%) in CVD (45,63), one study reported no benefit in CVD (60), and another suggested increased mortality as a result of treatment (64). While the incidence of diabetes has increased worldwide, this careful review of nonsurgical diabetes diagnosis and treatment concludes that efforts to reduce risk factors are increasing (65) , whereas overall renal disease and CVD occurring among the population with diabetes "have been reduced substantially in the past decade" (56, 66) .
Bariatric/Metabolic Surgical Therapy
Highlighted in Table 1 (80, 87, (90) (91) (92) , and a few bariatric surgery studies demonstrated varying degrees of improvement in neuropathy and ophthalmic outcomes (4, 71, 79, 81, 82, 88, 93) .
LONG-TERM MORTALITY (MACROVASCULAR AND MICROVASCULAR RELATED)
Deaths caused by diabetes and CVD have been considered as primary microvascular and macrovascular disease outcomes. In addition to mortality findings, bariatric studies have specifically reported macrovascular end points such as myocardial infarction or stroke. Based "See this issue" refers to physiological mechanistic changes after bariatric surgery (as highlighted in this special issue) that may contribute to diabetes remission/relapse and eventual microvascular and macrovascular outcomes. *May be associated with average glycemia duration. †Amelioration of hypertension and dyslipidemia through weight loss can also affect complication risk. Continued on p. 918 Table 1 Continued on p. 919 Table 1 Control data extracted from drivers license applications; surgeries in the U.S.
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on a recent review, 28 studies with at least a 2-year follow-up have reported mortality rates following bariatric surgery (94) . Of these studies, two in particular investigated the long-term mortality of bariatric surgery with patients with T2DM before surgery compared with control patients who also had diabetes (95, 96) (Table 1) . One long-term mortality study was unique in that all patients undergoing bariatric surgery and severely obese control subjects had established CVD (97) ( Table 1 ). Sjöström et al. (98) reported myocardial infarction to be the most common cause of death in the SOS study (13 deaths in the surgery group, 25 deaths in the control group) ( Table  1) . Finally, long-term mortality analysis in a Utah study reported a 56% reduction in coronary artery disease among the RYGB group when compared with control subjects (30) ( Table 1) .
MICROVASCULAR AND MACROVASCULAR OUTCOME STUDIES IN PROGRESS
At least two large, retrospective studies being conducted specifically focus on the long-term impact of bariatric surgery on microvascular and macrovascular outcomes. The largest study is a National Institutes of Health/NIDDK-funded study conducted by Arterburn and colleagues. That study is using existing electronic medical databases to examine long-term microvascular and macrovascular outcomes among severely obese patients with T2DM who underwent RYGB surgery under one of four health plans from 2000-2011 (approximately 6,000 patients with T2DM). The collaborative effort of this research is derived from the Health Care Systems Research Network, a consortium of integrated research divisions representing multiple health systems in the United States; four of these systems are participating in this bariatric surgery study that is now being conducted by Arterburn and his colleagues.
The second ongoing study is funded by Ethicon Endo-Surgery (Johnson & Johnson) and the Intermountain Research and Medical Foundation (Intermountain Healthcare). Using data from the electronic medical records of two large Utah health systems and the Utah Population Database, this retrospective study is examining microvascular and macrovascular outcomes of approximately 9,000 patients who had previously undergone RYGB surgery as well as nonoperated control groups with various BMI ranges (no bariatric surgery). While the cohort is not limited to patients who had T2DM before their bariatric surgery, subgroup analysis will be conducted using the T2DM cohort. Finally, the Alliance of Randomized Trials of Medicine vs. Metabolic Surgery in Type 2 Diabetes (ARMMS-T2D) is an ongoing prospective study examining the long-term outcomes of four National Institutes of Health-funded RCTs comparing bariatric surgery versus intensive medical/lifestyle intervention in patients with T2DM. This follow-up study is funded by Ethicon Inc. and Covidien Ltd., as well as by the NIDDK, and is prospectively assessing the impact of bariatric procedures on T2DM in over 300 patients with mild to moderate obesity (BMI 27-45 kg/m 2 ) over 7 years. The main study outcomes will be differences in the long-term rates of T2DM remission and relapse, changes in glycemic control, and rates of microvascular and macrovascular disease among the surgical and nonsurgical groups.
CONCLUSIONS
Although bariatric surgery (RYGB and BPD in particular) seems to induce initial remission of T2DM in most severely obese adults, many of these patients relapse to overt T2DM at some point after their initial remission. While numerous RCTs have compared the results of standard versus intensive glucose control in patients with diabetes, outcomes data on microvascular and macrovascular complications after bariatric surgery are limited to observational studies and long-term nonrandomized controlled studies. For this reason, whether bariatric surgery is associated with a long-term reduction in microvascular and macrovascular complications when compared with current medical interventions is unknown. Although early findings of one RCT (3-year follow-up data) have suggested microvascular benefits of bariatric procedures and numerous nonrandomized controlled studies have demonstrated significant diabetes remission or glycemic improvement following bariatric surgery, the relative effects of bariatric procedures on microvascular and cardiovascular complications compared with modern-day diabetes therapy must still be established. High-quality RCTs are necessary to define the impact of bariatric surgery on long-term microvascular and macrovascular outcomes. 
